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a b s t r a c t

The present study reports a fast and accurate methodology for laser-induced breakdown spectroscopic,
LIBS, analysis of aqueous samples for environmental monitoring purposes. This methodology has two
important attributes: one is the use of a 300 nm oxide coated silicon wafer substrate (SiþSiO2) for the
first time for manual injection of 0.5 microliter aqueous metal solutions, and two is the use of high
energy laser pulses focused outside the minimum focus position of a plano convex lens at which rela-
tively large laser beam spot covers the entire droplet area for plasma formation. Optimization of in-
strumental LIBS parameters like detector delay time, gate width and laser energy has been performed to
maximize atomic emission signal of target analytes; Cu, Mn, Cd and Pb. Under the optimal conditions,
calibration curves were constructed and enhancements in the LIBS emission signal were obtained
compared to the results of similar studies given in the literature. The analytical capability of the LIBS
technique in liquid analysis has been improved. Absolute detection limits of 1.3 pg Cu, 3.3 pg Mn, 79 pg
Cd and 48 pg Pb in 0.5 microliter volume of droplets were obtained from single shot analysis of five
sequential droplets. The applicability of the proposed methodology to real water samples was tested on
the Certified Reference Material, Trace Metals in Drinking Water, CRM-TMDW and on ICP multi-element
standard samples. The accuracy of the method was found at a level of minimum 92% with relative
standard deviations of at most 20%. Results suggest that 300 nm oxide coated silicon wafer has an ex-
cellent potential to be used as a substrate for direct analysis of contaminants in water supplies by LIBS
and further research, development and engineering will increase the performance and applicability of
the methodology.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Laser-induced breakdown spectroscopy [1–2] is among the
most popular techniques due to its remarkable features like non-
invasiveness, micro-local analysis ability, high speed, portability
and multi-element capability. Recently, studies on ultra-trace level
detection by LIBS is increasing, especially with recent applications
of the technique in environmental, biochemical and nuclear
technology that necessitates in-situ, fast and real time analysis
with high sensitivity. While LIBS offers simple and versatile mea-
surement for the analysis of solids with an acceptable precision,
direct liquid analysis by LIBS has several experimental difficulties
experienced during analysis like, splashing, bubbling, self focuss-
ing that reduces the analytical capability of the technique. There-
fore, liquid analysis by LIBS has required some special
.

methodologies/ pretreatment steps to be performed before direct
analysis of the samples.

Plasma formation on flowing jet liquids [3–5], inside bubbles
[6], on liquid droplets [7–8], on aerosols formed by nebulization
[9,10] or by electro-spray ionization [11,12], on samples in which
physical conditions are changed by freezing [13,14] or by chemical
derivatization [15–18], liquids adsorbed on solid substrates [19–
23] or on sol–gels [24] and use of sequential laser pulses [25–29]
are some of the efforts devoted in the last decade to increase the
analytical capability of the LIBS technique for liquids analysis. Also,
filtration based approaches, collection of the suspended particles
like pollen, bacteria, fungi and viruses on filters enabled analysis of
biological materials in water [30]. Most of the approaches on the
current aqueous LIBS research are reviewed in a recent article [31]
for environmental monitoring of water quality.

The transfer of the analyte from the liquid to solid phase by
solid phase extraction/microextraction techniques, (SPE/SPME)
[32,33], is among the most studied pretreatment approach for li-
quid LIBS studies. Recently, hyphenation of LIBS detection with
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common analytical sample enrichment methodologies like liquid
phase micro-extraction (LPME), dispersive liquid–liquid micro-
extraction (DLLME) and single drop micro-extraction (SDME) [34–
37] are used to improve sensitivity and detection capability of the
LIBS technique in liquids analysis. The precipitation of the analyte
followed by membrane separation approach [38] also provided
dramatic enhancements in detection limits of some elements. In
most of these microextraction based analyte enrichment meth-
odologies, the final extract may be in a few microliters volume and
is suitable for droplet analysis by LIBS on account of its ability to
perform analysis on micrometers size materials.

LIBS analysis of evaporated droplets, after preconcentration
procedures applied, on various solid substrates is recently used by
several groups. Shi et. al. [33] used a 3D anodic aluminum oxide
porous membrane (AAOPM) as a substrate for loading 100 mi-
croliters of analyte solution and performed LIBS analysis after
drying. They observed strong enhencement in LIBS signals and
explained this enhancement with the formation of strong metal–
oxygen bond between hydroxyl groups and metal ions existed on
the surface of the substrate, larger contact area between the ma-
trix and analytes and also efficient coupling of a laser beam with
the material due to special nano-channel distribution of the sub-
strate. The LODs were at the level of sub-ppm solution con-
centrations as 0.18, 0.12, 0.081 and 0.11 μg mL�1 (ppm), for Cu, Ag,
Pb and Cr elements, respectively.

Aluminum, in the form of thin foil and as a metallic alloy, was
used as a sample loading substrate for droplet analysis, after li-
quid–liquid extraction procedures with extracting solvents of; 10%
Triton X-114 [34]; ammoniumpyrolidinedithiocarbamate (APDC)-
toluene [35,36], and 8-hydroxyquinoline (8-HQ)-1-undecanol [37]
were used. For these cases, LIBS analyses were performed on
droplets dried on the aluminum substrate either at room tem-
perature or on a hot plate. Aguirre et.al [34] reported that, with
direct analysis of suspended droplets at the tip of a microsyringe,
manganese emission lines were undetectable at concentrations
lower than 0.2%, however, dry microdroplet analysis of manga-
nese, extracted in 10 % Triton matrix, on aluminummetal substrate
resulted with enhancement in Mn signals. Recently, the same
group has also applied single drop microextraction (SDME) [35]
and dispersive liquid–liquid extraction (DLLME) [36] methodolo-
gies for preconcentration, using toluene and tetrachloromethane
as extraction solvents of Cr, Mn, Ni, Cu and Zn analytes in the form
of (APDC) complexes. Microliters volume of analyte enriched sol-
vents were converted into solid by drying on the heated aluminum
foil surface prior to LIBS detection. The results of the comparative
Fig. 1. Experimental LIBS setup. M1, M2 and M3: reflecting laser mirror
LIBS measurements of SDME methodology indicate improvements
of 2.3 fold in sensitivity and 2.5 fold in LODs compared to the ones
obtained by direct LIBS analysis of the liquid samples. Authors also
find DLLME methodology, performed in a few microliters of an
organic extractant CCl4, is twice more efficient and faster than
SDME, with 5.0 and 4.5 fold enhancements in sensitivity and LOD
values, respectively. Another DLLME study based on the use of
8-hydroxyquinoline and 1-undecanol as extracting solutions for
the determination of V and Mo was performed by De Jesus et. al
[37]. Analysis of 10 μL of organic solvent after evaporation on
aluminum foil substrate on a hot plate resulted with detection
limits of 30 μg L�1 for Mo and 5 μg L�1 for V.

Direct analysis of Cs in the droplets of biological fluid samples,
urine and blood serum, was also performed [39]. They used Zn
metallic substrate by forming small pockets to confine the droplets
and create a layer of solid deposit after drying. By using multiple
standard addition method, quantitative determination of
6 μg mL�1 Cs in the urine and 27 μg mL�1 Cs in the blood serum
samples were achieved.

As is shown in the literature by several groups, LIBS analysis of
evaporated droplets on metallic substrates, after preconcentration
procedures, presents a simple and sensitive methodology and
provides better analytical figures of merit compared to direct li-
quid analysis by LIBS. Also, matrix conversion and analyte pre-
concentration approaches are advantageous in terms of small
sample volume involved, however, use of several chemicals in the
extraction process may result with serious interference effect in
spectral analysis. In addition, inhomogeneous lateral distribution
of the solid deposits dried on substrates requires carefull sampling
of the droplets by focussed laser pulses.

Here, we present a different substrate and a different sampling
geometry to improve the analytical capability of the LIBS techni-
que in liquid droplet analysis. For this purpose 0.5 μL droplets of
Cu, Mn, Cd and Pb analyte solutions were placed on 300 nm oxide
grown silicon wafer substrate (SiþSiO2) and subjected to LIBS
analysis after drying. For LIBS analysis, energetic laser pulses, fo-
cused to a relatively large spot outside the minimum focus
condition, were used to form a more stable and homogeneous
plasma and enhancements in the detection limits were achieved.
We describe the methodology and demonstrate the results ob-
tained from the LIBS analysis of dried droplets in the following
sections.
s, FO: fiber optic cable, ICCD: Intensified Charge Coupled Detector.



Table 1
Optimum instrumental LIBS parameters including delay time, gate time and laser
pulse energy for Cu, Mn, Cd and Pb.

Elements Emission Line (nm) td (μs) tg (ls) Pulse energy (mJ)

Cu 324.87 1.75 500 200
Mn 403.08 1.00 750 200
Cd 226.50 0.75 500 200
Pb 405.78 2.00 500 200
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2. Experimental

2.1. LIBS instrumentation

LIBS system used in this work, schematically shown in Fig. 1,
was constructed from its commercially available parts. A Q-swit-
ched Nd:YAG laser source (Quanta-Ray Lab-170, Spectra Physics)
has been operated at its second harmonic, 532 nm, with 10 ns
duration time. The laser beam was directed to the target by using
532 nm reflective mirrors (1'' OD, coated, 532 nm reflective, New
Focus), and focused onto the sample surface via 17.5 cm focal
length plano convex lens from 15 cm distance to the sample. At
this distance, laser beam spot size was around 1.3 mm in diameter,
which is large enough to cover the entire droplet area for ablation
from a single laser shot. The average irradiance value of
1.51 GW cm�2 was obtained under these conditions.

Laser pulse energy was measured by a power meter (PE50BB-
DIF-V2, Nova II, Ophir). Samples were mounted on an XYZ-trans-
lation stage (New Focus) to provide fresh spots during sampling.
The sampling position on the target with respect to the laser beam
was controlled with a camera and a monitor system (Honeywell,
HMM9/HMM9X). A fiber optic cable with 450 micrometers core
diameter was used to carry plasma emission onto the entrance slit
of an echelle spectrograph (Mechelle 5000, Andor Inc.) equipped
with an intensified charged coupled device (ICCD) (iStar DH734,
Andor Inc.). The spectrograph and detection system spectral range
is between 200 and 850 nm with 0.08 nm resolution at 400 nm.

2.2. Reagents and sample preparation

Thermally oxidized silicon wafer with 300 nm thick oxide layer
(SiþSiO2 wet, Nanografi, Ankara, Turkey) was used as a substrate
without pretreatment. Aqueous calibration standards were pre-
pared by suitable dilution of 1000 mg L�1 single element standard
solutions of Cu, Mn, Cd and Pb (High-Purity Standards) with ul-
trapure water. Certified Reference Material, Trace Metals in
Drinking Water, CRM-TMDW-A (High-Purity Standards) and ICP
Multielement Standard (AccuStandard) were used for validation
experiments after appropriate dilutions.

Aqueous metal solutions of 0.5 mL target analytes (Cu, Mn, Cd
and Pb) were manually deposited on (1�1 cm) precut SiþSiO2

substrate with a micropipette dispenser. These droplets were then
evaporated to dryness at room temperature for about 5 minutes
and converted from liquid to solid. Finally, SiþSiO2 substrate with
dry residues of target analyte was placed on the translational stage
for LIBS analysis.
3. Results and discussion

3.1. Optimization of instrumental parameters

In order to achieve the best analytical performance of a LIBS
system, signal intensity should be maximized at the analytical line
of interest by careful selection of the instrumental parameters.
Therefore, optimization of instrumental LIBS parameters like
detector delay time, gate width and laser energy has been per-
formed for each element, separately.

Laser pulse energy is one of the critical factors that affects the
plasma formation in LIBS measurements. Some of the important
parameters including plasma temperature, ablation characteristics
and extent of ionization are affected by the magnitude of the laser
pulse energy. The optical geometry used in this study focuses the
laser beam to a relatively large spot, therefore higher pulse en-
ergies are required to initiate the breakdown on dried droplets.
Energy dependence of signal intensity was investigated between
60 mJ and 240 mJ pulse energies. Most prominent emission lines
of Cu (I) 324.75 nm, Mn (I) 403.08 nm, Cd (II) 226.50 nm and Pb
(I) 405.78 nm were monitored using 1 mg L�1 aqueous solutions
of each target element. Generally, a linear increase in signal in-
tensity with respect to an increase in pulse energy was observed,
however, at energies higher than 200 mJ, measurements suffered
from the high noise signals. Therefore, laser pulse energy of
200 mJ was selected as the optimal value for each element ana-
lyzed. Selection of optimum detector delay time with respect to
incoming laser pulse, td, and gate window, tg, were carefully stu-
died to maximize the emission line of each element, separately.
Experimental parameters obtained from the optimization studies
are listed in Table 1, below.

3.2. Focusing geometry

The actual energy density at the target is very much dependent
on the particular focusing conditions and hence laser beam spot
size. The optical and geometrical focussing conditions has some
important effect on plasma size, shape and also the spatial loca-
tions of each element present in the plasma, and has been studied
for other LIBS applications [40,41]. LIBS measurements are nor-
mally performed by tightly focusing the laser beam perpendicular
to the target surface. Maximum irradiance is obtained with
minimum focal area of the laser spot. At high irradiances, air
breakdown occur in front of the focal point of a lens. This hard
focusing condition may result with observation of emissions from
the dust particles present in the medium or scattering of the laser
beam by the aerosols generated in the previous ablation process.
Therefore the analytical performance of the technique is reduced.
This problem can be eliminated by keeping the distance between
the focusing lens and the target a little shorter than the focal
length of the lens. In this condition, a very shallow focusing of the
laser beam occurs, spot size becomes larger and interaction area
with the target increases. With the expense of using high energy
laser pulses for plasma formation, plasma size becomes larger and
the LIBS signal intensity increases.

In order to get benefits of this optical geometry, droplet ana-
lyses were performed at the out-of-focus condition. The schematic
diagram of the laser beam focusing condition used in this study is
described in Fig. 2. The substrate was placed at 2.5 cm inside the
focal point position of a 17.5 cm plano convex lens and the laser
beam size was around 1.3 mm in diameter. Each laser pulse was
large enough to cover a single droplet for ablation. Experimental
results of the beam size effect at the minimum focus and out-of-
focus conditions in terms of S/N ratio and %RSD are given in the
Section 3.3 below, for better understanding, after the morphology
of the craters are discussed.

3.3. Morphology of the craters

Droplet shape and crater morphology of laser ablated (SiþSiO2)
surfaces were investigated by scanning electron microscope (SEM)
pictures. Fig. 3(a–c) shows, SEM images of; a bare (SiþSiO2) sur-
face, a dried droplet of copper solution on (SiþSiO2) substrate and
a crater of a laser ablated droplet produced from a single laser



Fig. 2. Schematic diagram for focusing of the laser beam for dry droplet analysis. A:
focusing lens distance to the target, F.L: focal length of a plano convex lens, 2w:
laser beam diameter.
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pulse of 200 mJ energy at the out of focus condition. SEM pictures
of a single droplet area sampled with tightly focused laser pulses
are also shown in Fig. 3(d and e).

Surface structure of 300 nm oxide grown silicon wafer
(SiþSiO2) is given in Fig. 3(a). Weight percentages of 67% silicon
and 33% oxygen were obtained from EDX measurements. It can be
seen that the majority of the SiO2 particles are around 30–40 nm
in size however, bigger particles of around 400 nm size due to
aggregation of small particles are clearly observed. It is belived
that, this roughness on SiO2 surface provides a much higher sur-
face area for immobilization of metal ions in liquid droplets
compared to unoxidized silicon wafer surface. SEM picture of a
0.5 mL droplet given in Fig. 3(b) shows that the droplet dries nicely
in a circular shape with a millimeter size diameter but irregularly
distributed copper crystals are apparent. Sampling of this droplet
area with multiples of tightly focused laser pulses produces highly
varying LIBS signals from one to another laser shot and necesitates
a careful sampling procedure to be applied. A crater formed with a
laser beam size as large as the droplet size, at the out-of-focus
condition, is shown in Fig. 3(c). It is clearly seen that the laser
beam covers the whole droplet area for ablation and exhibits al-
most uniform ablation throughout the droplet area. Profilometric
measurements of ablated craters reveals an average of 300 nm
Fig. 3. SEM images of; (a) a bare (SiþSiO2) surface, (b) 0.5 mL dried droplet of 1 mg L�

200 mJ single laser pulse on (SiþSiO2) surface at the out of focus condition, (d) 16 seque
enlarged view of one of the craters given in (d).
depth, in which the depth variation is around 30%. The presence of
no remarkable LIBS signal from the second laser pulse on the same
sampling spot indicates that the sample deposited stays on/inside
the 300 nm thick SiO2 layer of silicon wafer and has been analyzed
within the first laser shot.

Craters of 16 sequential sampling in a single droplet area with
tightly focused laser pulses are shown in Fig. 3(d). In the enlarged
view of one of these craters, Fig. 3(e), surface explosion with debris
around the edges of the crater and contamination of the craters
from the subsequent laser pulses are clearly observed. Instead of
making several samplings with tightly focussed laser beam at
different locations of a single droplet, as is shown in the literature
by Aguirre et al. in their several work [34–36], sampling the whole
droplet area in a single laser shot may eliminates shot to shot
variation of the signal due to inhomogeneous deposition of the
analyte. In addition, sample losses between the samplings may
also be prevented. Therefore, increased signal intensity is
obtained.

In order to better understand the beam size effect to support
the signal intensity enhancement at the out-of-focus condition,
experiments at the minimum focus (2w¼0.1 mm) and out-of-fo-
cus (2w¼1.3 mm) conditions were performed. For experiments at
the minimum focus, 5 replicate droplets of 0.5 mL copper solutions
were placed on a (SiþSiO2) surface by a micropipette. After drying,
each droplet area was raster scanned in 16 different positions
(4�4) by focused laser pulses of 100 micrometer diameter and
5 mJ pulse energy, for LIBS analysis. At each sampling position of a
single droplet, 5 repetitive laser pulses were acquired and stored
separately for statistical analysis. Out-of-focus experiments were
performed by sampling 20 separate droplets on (SiþSiO2) sub-
strate with single laser pulses of 1.3 mm size and 200 mJ pulse
energy. For comparison, LIBS emission signals at the minimum
focus and out of focus conditions, for the most prominent lines of
Cu (I) at 324.75 and 327.40 nm are given in Fig. 4. Data at the
minimum focus, presented as a dashed line in the figure is from
the summation of 16 different samplings in one droplet, each is
the accumulation of 5 repetitive pulses whereas, out-of-focus
condition data, solid line, is the average of 20 single pulse sam-
plings. As can be seen from the Fig. 4, Cu (I) signal at 324.75 nm
1 copper solution on (SiþSiO2) surface, (c) a crater of a laser ablated droplet by a
ntial sampling in a single droplet area with tightly focussed laser pulses and (e) the



Fig. 4. LIBS emission signals at the minimum focus and out of focus conditions for the most prominent lines of Cu (I) at 324.75 and 327.40 nm. Data at the minimum focus
condition, presented as a dashed line in the figure, is from the summation of 16 different samplings, each is the accumulation of 5 repetitive shots. Out-of-focus data, solid
line, is the average of 20 single shot samplings. Experiments were performed under 1.51 GW cm�2 and 6.36 GW cm�2 laser irradiances at the minimum focus and out-of-
focus conditions, respectively.
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enhances 6.5 fold compared to the one at the minimum focus
condition.

LIBS emission signal for Cu (I) line at 324.75 nm was also
analyzed in terms of S/N and %RSD. Calculations were performed
over 16 samplings for each 5 droplets (16�5¼80 total) at the
minimum focus condition and 20 single shot sampling at the out-
of-focus configuration. Here, the signal is defined as the peak area
of the background subtracted Cu (I) line, and the noise is three
times standard deviation of the background. Background is cal-
culated from the region of the spectrum close to the analytical line
of interest. Statistical analysis results, given in Table 2. below,
suggests more than 7 times enhancement in S/N for the experi-
ments performed at the out-of-focus condition compared to the
ones at the minimum focus condition. Also, relative standard de-
viation of S/N values improves from 28% to 16%, almost twice, at
the out-of-focus condition. Analysis of 5 droplets out of 20, at the
out-of-focal point configuration was yielded similar S/N and RSD
values with the ones obtained from the analysis of 20 droplets.

3.4. LIBS analysis of Cu, Mn, Cd, and Pb droplets on (SiþSiO2)
substrate

Laser-induced breakdown spectroscopic analysis of Cu, Mn, Cd,
and Pb droplets on (SiþSiO2) substrate was carried out at the out-
of-focus configuration and under the optimum instrumental con-
ditions. For this purpose, 0.5 mL aqueous solutions of target analyte
were transferred to (SiþSiO2) substrate. After drying, droplet
Table 2
Statistical analysis results of Cu (I) signal at 324.7 nm from the experiments at the
minimum focus and out-of-focus configurations. Analyte concentration of 1 mg L�1

was used. A: focusing lens distance to the target, 2w: laser beam diameter, L.E:
Laser pulse energy, I: Irradiance.

Minimum focal point Out-of-focal point

S/N 29a 205b 198c

% RSD 28 16 13
A (cm) 17.5 15.0
2w (mm) 100 1300
L.E (mJ) 5 200
I (GW cm�2) 6.36 1.51

a From the analysis of 5 droplets each is the sum of 16 samplings, each sam-
pling is accumulation of 5 repetitive laser pulses.

b From the analysis of 20 droplet.
c From the analysis of 5 droplets out of 20.
diameters were about 1–1.2 mm and the laser beam focussed at
2.5 cm away from the focal point position was covering the entire
droplet area to ablate in a single laser shot.

Representative LIBS spectra obtained from Cu, Mn, Cd and Pb
droplets under optimum experimental conditions are shown in
Fig. 5. The spectra between 200 nm and 850 nm spectral range
were obtained from the 0.5 mL of 1 mg/L analyte concentration of
each element. That corresponds to detection of 500 pg Cu, Mn Cd
and Pb in a single laser shot with high sensitivity. Insets in each
spectrum, are the most representative atomic emission line pro-
files used for quantitative LIBS analysis. In each spectra, strong
emission lines of neutral Si(I) at 263.13 nm, 288.15 nm, 390.55 nm
and ionic Ca(II) emission lines at 393.37 nm, 396.85 nm and neu-
tral Ca(I) 422.67 nm, neutral Na(I) at 589.0 nm and 589.6 nm, ionic
Mg(II) at 279.55 nm and 280.27 nmwere observed. Presence of Na,
Ca, Mg lines along with Si may represent the presence of im-
purities in (SiþSiO2) substrate.

3.5. Quantitative analysis of dry droplets by LIBS

3.5.1. Growth curves and analytical figures of merit
In order to investigate the quantitative LIBS analysis of Cu, Mn, Cd

and Pb droplets dried on (SiþSiO2) substrate, and to determine the
analytical performance characteristics of the methodology proposed,
calibration curves were constructed from a set of calibration stan-
dards with known concentrations. Data is obtained from the single
shot measurements of 5 separate droplets for each different con-
centrations of the analyte. Relative signal intensity values were ob-
tained from the peak heights of atomic emission lines after back-
ground emission was subtracted. Calibration graphs constructed
from their respective LIBS measurements are shown in Fig. 6.

Calibration curves demonstrate a linear behavior over a range
of concentrations from 10 ng/mL (ppb) to 10 mg/mL (ppm) with R2

values of 0.99, 0.97, 0.95 and 0.98 for Cu, Mn, Cd and Pb respec-
tively. Limit of detection (LOD) was determined for each element
according to the IUPAC definition, with 95% confidence level,
LOD¼3sBG/m, where sBG is the standard deviation of the back-
ground and m is the slope of the calibration curve. A list of the LOD
values obtained from the calibration curves constructed for Cu,
Mn, Cd and Pb are given in Table 3. along with the relevant lit-
erature values.

LOD values are given in concentration units of ppb (ng/mL),
being as 2.5 ng/mL for Cu, 6.7 ng/mL for Mn, 158 ng/mL for Cd and



Fig. 5. Representative LIBS spectra obtained from dried droplet residues of 0.5 mL, 1 mg/mL Cu, Mn, Pb and Cd samples under their optimum instrumental conditions, given in
Table 1.
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95 ng/mL for Pb. Considering that 0.5 mL of droplet volume was
used for analysis, these LODs correspond to absolute detection of
1.3 pg Cu, 3.3 pg Mn, 79 pg Cd and 48 pg Pb. When these results
are compared with the literature values listed in Table 3., they are
at least one to three orders of magnitude lower, from element to
element, than the ones obtained by direct liquid analysis in water
or on ice [14,34]. To the best of our knowledge, especially for Cd
and Pb, this is the only study that sub-ppm detection limits are
obtained from the direct analysis of liquids. When the literature
results that incorporate enrichment strategies followed by the use
of aluminum substrate [34–36] are compared, the present results
are still at least an order of magnitude lower. Enhancement factors
of 9 and 21 for Cu, and 7 and 45 for Mn were observed with re-
spect to DLLE and SDME approaches. It should be mentioned here
that, unless the absolute amounts are expressed, comparing LOD
results of different studies may not be correct, due to the use of
different focusing geometry, experimental conditions and statis-
tical considerations during data analysis.

It is also worth to indicate that, the approach presented in this
study does not contain any laborious, prone to contamination and



Fig. 6. Calibration graphs for Mn (I) 403.076 nm, Cd (II) 226.502 nm, Cu (I) 324.754 nm and Pb (I) 405.78 nm between concentration range of (10–100 ng/mL) for Cu and Mn,
and (0.1–1 mg/mL) for Cd and (1–10 mg/mL) for Pb. Instrumental conditions are listed in Table 1.

N. Aras, Ş. Yalçın / Talanta 149 (2016) 53–61 59
costly preconcentration/enrichment steps that involve use of
several chemicals. Instead, direct placement of analyte droplets on
the (SiþSiO2) substrate for LIBS analysis was performed. There-
fore, it is much simpler, fast and less costly methodology than
other liquid to solid conversion techniques that employ chemical
enrichment processes.

The enhancements observed in signal intensities and better
LODs may be attributed to the physical/chemical properties of the
oxide grown silicon wafer (SiþSiO2) substrate in which a higher
surface area is available for immobilization of metal ions. More-
over, use of a relatively larger laser spot size at the out-of-focus
condition provides increased interaction area with the target
therefore, larger plasma size and hence increased signal intensities
are observed. The substrate effect in LIBS analysis of micro droplets
is first mentioned by Aguirre et al., in their article where alumi-
numwas used as a substrate, and coined as surface enhanced LIBS,
SENLIBS [34]. Currently, no comprehensive research based on in-
vestigating the substrate effect in droplet analysis is present.
While we report here the results with (SiþSiO2) substrate, use of
different substrates for liquid analysis is an ongoing research in
our laboratory.

3.5.2. Analysis of certified reference material (method validation)
In order to validate the applicability of the proposed metho-

dology to real water analysis, a certified reference water sample,
Trace Metals in Drinking Water, CRM-TMDW and an ICP multi-
element standard sample, ICP-MES that contain 24 elements were
used. Analyses were performed by sampling five replicate droplets
of the reference material for each element, separately, under their
optimum instrumental conditions. Then, the average of these
five measurements was run through the equation obtained from
the calibration curves to determine analyte concentration and er-
ror of measurements, for each element. Accuracy values were
calculated from the use of certified and determined values of each
element.

Analysis of CRM-TMDW reference sample was performed
without dilution due to low concentration levels of the elements
present. Cu and Mn analyses were performed with 98% and 92%
accuracy, however, the concentration levels for Cd and Pb were
lower than the detection limit of the technique and Cd and Pb
could not be analyzed in drinking water reference samples. In-
stead, for Cd and Pb analysis, ICP-MES standard solution was used
after dilution, 10 times for Pb and 50 times for Cd. Table 4. lists the
certified and experimentally determined Cu, Mn, Cd and Pb con-
centrations from the reference materials. Accuracy values for Cd
and Pb are higher than 100% being as 107.8% for Cd and 115.1% for
Pb. That could be associated with dilution errors and also reduced
matrix effect as a result of dilution. Precision of the measurements,
expressed as %RSD, are in the range commonly observed in most
LIBS analyses, as between 12.4% and 20.7%.



Table 3
Limit of detection (LOD) values for analysis of Cu, Mn, Cd and Pb droplets related
with literature results.

Wavelength (nm) LOD
(ng/mL)

Reference
number

Methodology used

Cu (I) 324.75 2.5 This study
2.59 [38] Precipitation/membrane

separation
15 [32] PVC-membrane filter
180 [33] AAOPM membrane filter
54 [35] SDME/droplet on Al foil

substrate
23 [36] DLLE/ droplet on Al foil

substrate
2300 [14] On ice
9600 [14] In water

Mn (I) 403.08 6.7 This study
6000 [34] LLE-droplet on aluminum

substrate
10.85 [23] DSPME-Nano Graphite

adsorbent
0.958 [38] Precipitation/membrane

separation
301 [35] SDME/droplet on Al foil

substrate
49 [36] DLLE/droplet on Al foil

substrate

Cd(II) 226.50 158 This study
1400 [14] On ice
7100 [14] In water

Pb (I) 405.78 95 This study
81 [33] AAOPM membrane filter
1300 [14] On ice
12500 [14] In water

Table 4
Analysis of CRM and ICP-MES reference material.

Element Certified value
(ng/mL)

Found value
(ng/mL)

Accuracy (%) Precision (%
RSD)

Cu 20.070.2* 19.7 98.4 12.4
Mn 40.070.4* 36.9 92.3 14.9
Cd 25000** 26940 107.8 20.7
Pb 50000** 57540 115.1 14.5

* From CRM-TMDW-A reference sample.
** From ICP-MES sample before dilution. Cd samples were diluted by 50 times

and Pb samples were diluted by 10.
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4. Conclusions

A laser induced breakdown spectroscopic method based on
direct analysis of liquid droplets after drying on a novel (SiþSiO2)
substrate at room temperature was developed. 500 nL volume of
Cu, Cd, Pb and Mn droplets were subjected to high energy laser
pulses focused on the sample surface, outside the minimum focus
position of a 17.5 cm focal length plano convex lens, from 15 cm
distance to the sample. At this position, the laser beam with
1.3 mm beam size was covering the entire droplet area for plasma
formation. For the experiments performed at the out-of-focus
configuration, analysis of Cu (I) signal at 324.75 nm indicated more
than 7 times enhancement in S/N compared to the one obtained
from the minimum focus experiments. Calibration graphs were
constructed and LOD values were calculated for each element from
their respective LIBS measurements. Absolute detection of 1.3 pg
Cu, 3.3 pg Mn, 79 pg Cd and 48 pg Pb were achieved. The
enhancements observed in signal intensities and better LODs may
be attributed to the physical/chemical properties of 300 nm oxide
grown silicon wafer (SiþSiO2) substrate, in which a higher surface
area is available for immobilization of metal ions. In addition, use
of a relatively larger laser spot size at the out-of-focus condition
provides increased interaction area with the target, therefore,
larger plasma sizes and hence increased signal intensities are ob-
served. (SiþSiO2) substrate has also some advantages compared to
other wood or graphite type substrates due to the absence of
impurities of some metal elements. Compared to Si wafer sub-
strate, (SiþSiO2) substrate gives better results with a higher re-
producibility (data are not presented here). LIBS analysis of CRM-
TMDW reference samples has shown minimum 92% accuracy with
relative standard deviations of at most 20%.

Direct analysis of nanoliters volume of droplets after drying on
(SiþSiO2) substrate by LIBS is a promising methodology that al-
lows fast, simple, cheap and multielement analysis. It has also the
potential to identify toxic elements on site that enables immediate
action to be taken in the case of an environmental risk. Under-
standing and characterization of substrate effects in droplet ana-
lysis is a subject for more comprehensive work and currently
under study in our laboratory.
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